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A B S T R A C T   

The ability to control heterogeneous water distribution and evaporation could address low vapor generation 
issues which has great implications for distillation and energy systems efficiency. Herein, we devise an efficient 
solar-driven water-electricity-hydrogen generation system by spatially controlling water diffusion and evapo
ration of 3D hydrogel evaporators. Specifically, through template-assisted regulation of the interfacial structures 
of the hydrogel evaporator, the relationship between the macroscale liquid-vapor area and the water pumping 
pathway was studied. The hybrid wettability and distinct water distribution strategy achieved via selective 
hydrophobic-hydrophilic modification enhance the photothermal efficiency by 207% compared with the flat 
hydrophilic evaporator. Finally, the tailored hydrogels for contrasting evaporative cooling and solar absorption 
heating are integrated with Bi2Te3-based thermoelectric generator (TEG) to efficiently convert waste heat into 
electricity and drive electrochemical water splitting under outdoor sunny/cloudy conditions. The prototype 
demonstrates evaporation of 1.42 kg m� 2 h� 1, power output of 4.8 W/m2, and hydrogen evolution of 0.3 mmol/ 
h. This work could pave the development of highly integrated hybrid systems to deliver three crucial water, 
energy and fuel commodities for global sustainability.   

1. Introduction 

Water, energy, and fuels are three essential elements pertaining to 
sustainability, economic growth, and societal development. Solar-driven 
water evaporation, which utilizes renewable sunlight as a promising 
approach to tackle the scarcity of clean water [1–7], has also been used 
to drive other processes, such as solar desalination [8–10], water har
vesting and purification [11–13], power generation [14–16], salt har
vesting/rejection [17,18] and photothermal catalysis [19,20]. To date, 
the photothermal water evaporation system focuses mainly on interfa
cial steam generation where the heat is localized at the water/air 
interface for vapor generation without large heat losses, making it an 
efficient approach compared to traditional bottom-up and volumetric 
heating [21–23]. Nevertheless, it is difficult to strike a delicate balance 
between the amount of water on the evaporator surface that is pumped 
from the bulk water and the interfacial heating of the evaporator. 
Explicitly, at constant solar intensity, a thick water layer from fast water 

pumping rate adversely decreases the evaporation temperature, whereas 
slow water diffusion results in undesired dehydration of solar evapo
rator and heat penetration into bulk water. Accordingly, optimal water 
pumping rate to maximize interfacial heating is critical for highly effi
cient solar vaporization and energy utilization. 

Aside from the solar-driven steam generation, integrated water 
desalination and waste energy harvesting have also attracted tremen
dous attention as it represents an eco-friendly approach to solve the 
inextricably interdependent water and energy shortage simultaneously, 
as opposed to conventional segregated water heating and energy har
vesting solutions [24–26]. Increasingly more works are reported on 
energy generation coupled to the water evaporation process in recent 
years, which is primarily driven by the energy flow across the evapo
ration system and waste energy harvesting. For instance, ionvoltaic cells 
convert the water evaporation-induced ion concentration gradient, be
tween the seawater and evaporation surface, into electricity using se
lective membranes and electrodes [27,28]. Besides that, the random 
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kinematics of vapors and condensed droplets resulting from the 
respective water evaporation and condensation are scavenged by pie
zoelectric/triboelectric generators [29,30]. Also, thermoelectric, pyro
electric, and thermogalvanic generators are coordinated with solar 
absorber to harvest waste heat and augment the photothermal efficiency 
[31–34]. Moreover, photovoltaic (PV) cells are integrated with the 
water evaporation system for sunlight energy conversion and thermal 
management [35–37]. Needless to say, the future needs for uncompro
mised solar-driven clean water and energy integrated solutions with 
high energy utilization under all-weather conditions are of paramount 
importance yet rarely reported. Consequently, it is necessary to develop 
new approaches that not only enhance the photothermal utilization for 
clean water supply but also facilitate the diversification of energy pro
duction i.e. electricity and green fuel. 

Herein, we devise a spatially confined inhomogeneous water diffu
sion and interfacial heating of 3D pillar evaporators to demonstrate solar 
water-electricity-hydrogen production prototype for the synergistic 
generation of clean water and energy. Taking the approach of materials 
engineering, the polyacrylamide (PAM)/carbon nanotube (CNT) 
hydrogel-based solar absorbers are investigated from the projection 
ratio (the cross-sectional water pathway area relative to the total 
evaporating surface area), water spreading, to hydrophilic/hydrophobic 
wettability for enhanced solar vaporization. Apart from solar-driven 
water evaporation, evaporative cooling of the tailored hydrogel and 
waste solar-thermal energy are directly harvested by Bi2Te3-based TEG 
to produce electricity and achieve self-powered hydrogen production. 
This study offers a feasible solution to convert distributed ambient en
ergy concurrently into clean water and energy under multi-situation 
conditions with minimum environmental impact. 

2. Results and discussions 

The design concept of multiscale structure manipulation for solar- 
driven water-electricity-hydrogen production is schematically depicted 
in Fig. 1. This system consists of a hydrogel-based solar absorber/ 
evaporator, a thermoelectric energy harvester, and a water splitting 
device. From a macroscale view, the bi-functional hydrogel prepared 
with polyacrylamide (PAM) and carbon nanotube (CNT) serves both as a 
solar absorber and a water evaporator. Besides, thermoelectric energy 
harvesters are integrated with the hydrogel-based water evaporator and 
solar absorber to scavenge waste heat to electricity and power elec
trolysis of water. As illustrated in Fig. 1, for solar vaporization, the hy
drophilic hydrogel absorber/evaporator is systematically optimized 
from macro/microscale to molecular network. Specifically, 3D pillar 

structures are introduced to modulate the projection ratio and liquid- 
vapor interfacial area, efficiently regulating the water and heat distri
butions and enhancing the interfacial water evaporation rate. On the 
other hand, hybrid wettability from the hydrophilic water pathway and 
selective hydrophobic surface modifications of PAM/CNT hydrogels are 
designed to synergistically promote the water diffusion and evaporation. 
Ultimately, the delicate structural manipulations lead to a multi- 
functional hydrogel absorber/evaporator which offers a feasible route 
to clean water and clean energy production. 

2.1. Macro/microscale structure manipulations 

Carbon nanotubes and polyacrylamide are composited and utilized 
for mold-assisted pillar fabrication of an array of 3D solar absorber/ 
evaporator that is of high flexibility, lightweight and anti-oil fouling 
(Fig. 2a–c). The hydrophilic molecular chains and porous skeleton of 
PAM hydrogel ensure effective water pumping and storage for evapo
ration [38]. The preparation procedure of hydrogel-based evapo
rator/absorber using various template geometries is presented 
(Experimental Section, Supplementary Information, Figs. S1 and S2). 
The optical absorption for solar absorbers is characterized in Fig. 2d, 
where the evaporator prepared with hydrophilic PAM/CNT and hy
drophobic PAM/CNT/FOTS (modified with 1H,1H,2H,2H-perfluorooc
tyl trichlorosilane, FOTS) show preferable full-spectrum solar 
absorption compared to pure PAM. 

As mentioned, determining an equilibrium in the water pumping rate 
and interfacial heating is essential to conceive intense and localized 
hotspots. Hence, to find the optimal balance between water diffusion 
and interfacial heating at the liquid/vapor interface, PAM/CNT hydro
gel (PCH, the weight ratio of CNT: PAM is 1.5: 100) absorbers/evapo
rators with various 3D pillar dimensions are designed and fabricated 
(flat, pillar d1 � h2, pillar d2 � h2, pillar d3 � h2; unit: diameter (mm) 
� height (mm), denoted as FPCH, PCH1, PCH2, PCH3), as shown in 
Fig. 2e and S2. From the perspective of interfacial heating, the projected 
area (A1) and total liquid/vapor interfacial area (A1þA2) of the device 
are two critical factors influencing the water evaporation and are mainly 
dependent on the 3D structures and wettability of the solar absorber, as 
well as the water surface tension (Supplementary Note S1). A2 stands for 
the sidewall of the total pillars and the substrate surface area excluding 
the projected area. The solar absorber containing pillars with a diam
eter/height of 2 mm (PCH2) possesses the highest projection ratio (A1/ 
(A1þA2)) compared to other designs (Fig. 2e, the theoretical calculation 
is presented in Supplementary Note S1). The evaporation performance 
of solar evaporators with various pillar dimensions is evaluated under 1- 

Fig. 1. Schematic of the photothermal water-electricity-hydrogen co-production system and beyond solar-driven interfacial water evaporation. Design concept and 
multiscale structure manipulation of solar absorber/evaporator for enhanced interfacial evaporation for synergistic solar water, thermoelectricity, and water 
electrolysis. 
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sun (Fig. 2f–h). The disparities of periodical surface temperature fluc
tuation of the various pillar-based solar absorbers (Fig. 2f) elucidate 
distinct water-evaporation state at the interface, which results in 
different mass changes (Fig. 2g) as well as evaporation rates and pho
tothermal efficiencies (Fig. 2h). Also, the temperature of the central area 
for the solar absorber is slightly higher than that of the marginal area 
(Fig. 2f), which mainly results from the simulated sunlight intensity 
distribution of Xe lamp and center-to-edge solar heat convection. 
Compared with a flat solar absorber substrate, the pillars exhibit lower 
temperatures. The evaporation of heterogeneously distributed water on 
the large surface area pillared structures is more vigorous than that of 
the flat liquid/vapor interface. Besides, due to the temperature differ
ence between the pillar and substrate, the water evaporation from the 
pillar structure is further facilitated by thermocapillary force or heat- 
induced Marangoni effect [39]. These results are consistent with the 
projection ratio in Fig. 2e and verified by various pillar dimensions in 
Fig. 2f. The measured mass change of PCH2 solar evaporator shows a 
maximum photothermal efficiency of 61% (Supplementary Note S2), 
which equates to a 97% increase over conventional flat pure PAM 
hydrogel (FPPH) solar absorber. Moreover, the evaporation perfor
mance of the solar absorbers with different pillar heights with and 
without 1-sun irradiation (Figs. S3 and S4) are characterized as well, 

providing further verification that the pillared 3D-structure manipula
tion is advantageous for interfacial water evaporation. 

Aside from the modulation of water distribution and effective 
interfacial heating at liquid/vapor interface through macroscale pillar 
structures, the microscale porous structure comprising pore size and 
water pathway confinement in hydrogel-based evaporator also affect the 
interfacial water evaporation. The evaporating performance declines 
when the height/diameter ratio of the pillars (e.g., PCH1, PCH23, 
Table S1) gets too large. This mainly results from the dehydration of the 
hydrogels caused by low water pumping and diffusion in the solar 
evaporator. Based on the optimum pillar dimension design (i.e. PCH2), 
the CNT: PAM weight proportion of the solar absorber/evaporator is 
varied to control the micropore structure and facilitate water pumping. 
Fig. 3a and b and S5 present the pore size distribution and morphology 
for porous PAM/CNT hydrogel-based evaporator (PPCH) with CNT: 
PAM weight ratio of 1.5: 100, 1.5: 50, and 1.5: 25 (denoted as PPCH1 (i. 
e. PCH2), PPCH2 and PPCH3). The hydrogel with a weight ratio of 1.5: 
25 (PPCH3) shows the largest average pore size (10.62 μm), most 
favorable for water absorption, pumping, and storage (Fig. S6). The 
corresponding evaporation performance for various weight ratios is 
shown in Fig. 3c–e. The optimal PPCH3 solar evaporator with a weight 
ratio of 1.5: 25 presents lower average surface temperature and higher 

Fig. 2. Characterization of pillar structured hydrogel evaporator. (a) Flexible, (b) lightweight and (c) anti-oil fouling aerogel/hydrogel. (d) Optical light absorption 
for various water evaporators. (e) Total surface area and projection ratio calculated for above and below liquid/vapor interface with different pillar dimensions. Scale 
bar: 5 mm. (f) Surface temperature of the solar evaporators with various pillar dimensions. (g) Water mass change and (h) evaporation rate as well as photothermal 
efficiency evaluation under one sun intensity. 
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water mass change, compared with other solar evaporators. Notably, the 
total photothermal efficiency of the solar evaporator is enhanced by 
34.3%, and the peak value achieved is around 82%. Though further 
reduction of the PAM weight ratio to be lower than 1.5: 25 may lead to a 
higher water evaporation rate, it compromises mechanical properties. 
On the basis of the experimental observations, the manipulation of the 
macro/microscale structure of solar absorber unambiguously offers a 
possible means to modulate the water diffusion both at the evaporator 
and at the liquid/vapor interface, to attain a fine balance between the 
water supply and interfacial vaporization. 

2.2. Molecular-network-based hybrid wettability 

With respect to solar-driven vaporization, the afore discussed macro/ 
microscale evaporator structural manipulations have successfully ach
ieved high-efficiency energy utilization. Nonetheless, the high-water 
storage capability and surface tension of the porous hydrophilic evap
orator (i.e. PPCH3) leads to an excessive thick water layer residing on 
the evaporator, which diminishes self-floating capability (Fig. 3d and 
the inset shows foam is used to float the PPCH3 evaporator). This high 
surface tension and low water distribution controllability decrease the 
interfacial heating process and hence results in a low evaporation rate 
(Fig. 2g, h, 3d, and 3e). The typical approach towards self-floating solar 
evaporator is to introduce hydrophobic materials into the evaporator 
design, forming a bilayer structure [40–42]. Unfortunately, the intro
duction of the hydrophobic layer depraves the water evaporation per
formance, as the hydrophilic pathway is hindered [25,43], leading to 
insufficient water pumping. 

Thereby, wettability manipulation at liquid/vapor interface for 
controllable surface tension and water diffusion, as well as enhanced 
interfacial water evaporation was undertaken. The hydrophilic porous 
PPCH3 evaporator is tuned hydrophobic through the judicious incor
poration of 1H,1H,2H,2H-perfluorooctyl trichlorosilane (FOTS) into the 
molecular network, as shown in Fig. 4a and S7. The modified regions of 
hydrophobic PAM/CNT hydrogel (hPCH), to a certain extent, are iden
tified by fluorine mapping mostly at the boundary of the pores (Fig. S7c), 

whereas the inner area of micropores remained largely hydrophilic to 
serve as water pumping pathway (Figs. S7c and S7d). The detailed 
surface modification process is described in Supplementary Information, 
and the mechanism for the wettability manipulation is explicated in 
Fig. 4a [43–45]. Due to molecular deposition and hydrogen bond 
interaction, the condensation reaction between -Si-O-H and -O-H leads 
to covalent bond reconstruction, creating the hydrophobic molecule 
with fluorine chain [46–48]. Moreover, the actualization of selective 
wettability is mainly attributed to the outmost molecular hydrophobic 
modification [49], whereas the micropores inside are not effectively 
modified by FOTS because of the effective barrier formed by the dense 
outmost network, which can be verified by the hybrid wettability in 
selected specific regions, as shown in the contact angles (0 and 133�, 
Fig. 4b) and Supplementary Video S1. As a result, heterogeneous water 
diffusion and distribution at the interface is realized and the water 
pumping path from bulk water to liquid/vapor interface is retained. The 
water spreading on the evaporator/air interface is primarily dependent 
on the surface tension difference of hydrophilic/hydrophobic porous 
hydrogel. The thick water layer from the hydrophilic region spreads into 
the hydrophobic area and forms a water film due to the high surface 
molecular interaction. The thin water film is ideal for interfacial water 
evaporation, which can be further promoted by the solute-induced 
Marangoni effect between hydrophilic/hydrophobic areas [50]. 

Supplementary data related to this article can be found at https 
://doi.org/10.1016/j.nanoen.2020.105102. 

The advantages of hybrid wettability of hydrophilic/hydrophobic 
hydrogel-based evaporator (hPCH) are experimentally verified 
(Fig. 4c–e). The solar absorber temperature of the hPCH evaporator is 
lower than the typical hydrophilic PPCH3 evaporator (Fig. S8), and the 
heat penetration for hydrophobic evaporator is also suppressed 
(Fig. S8c). Also, the water mass changes for hydrophobic evaporator 
(hPCH) is more significant than that of the unprocessed hydrogel 
(PPCH3) (Fig. 4c and S8a). Furthermore, the hydrogel-based water 
evaporators with (hPCH) and without hydrophobic (PPCH3) modifica
tion are investigated for salt-rejection (Fig. 4c–e and S9). The hPCH 
evaporator presents higher water mass change, evaporation rate, and 

Fig. 3. Microscale porous structure manipulations for enhanced interfacial water evaporation. (a) Pore size distribution and (b) morphology of porous structures 
with CNT: PAM weight ratio of i) 1.5: 100, ii) 1.5: 50, and iii) 1.5: 25. (c) Temperature increase and (d) water mass change as well as (e) evaporation rate and 
photothermal efficiency for PAM/CNT-based 3D structured evaporator with d2 � h2 pillars under various CNT vs. PAM weight ratios and one sun intensity. 
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photothermal efficiency under various salt concentrations (~0% fresh
water, ~3.5 wt% seawater, ~20 wt% brine water), compared with 
PAM/CNT-based hydrophilic evaporator at a 1-sun intensity as well as 
other solar-evaporation systems (Fig. S10). Additionally, both hydro
philic and hydrophobic hydrogel water evaporators exhibited fairly 
stable evaporation performance (Fig. 4d–e). In particular, the hybrid 
wettability is operable not only for the photothermal vaporization under 
various sunlight intensities (Figs. S8a and S11) but also in dark 
(Fig. S12). Ultimately, multiscale engineering of the hydrogel-based 
solar evaporator shows a photothermal efficiency of 96% with an 
enhancement of 207% compared with the usual flat pure PAM-based 
solar evaporator (Fig. S13). Moreover, the introduction of hydropho
bic monomers into the hydrogel evaporator enhances its mechanical 
strength (Fig. S14) [38]. This overcomes the prevalent low mechanical 
strength and brittleness of the conventional hydrogels for practical 
applications. 

2.3. Solar water-electricity-hydrogen production 

To improve the solar energy utilization, waste heat from the evap
oration device is harvested by commercial bismuth telluride thermo
electric materials, and the as-generated electricity is further used to 
power water electrolysis to produce hydrogen (Fig. 5a and b). Fig. 5b 
demonstrates a solar water-electricity-hydrogen prototype, where pil
lared (d2 � h2) pure PAM hydrogels with low weight ratio (1.5: 25) and 
hydrophobic modification (hPPH, Fig. 5b(i)) are utilized as the solar 
evaporator to evaporatively cool the thermoelectric generator (TEG, 
Fig. 5b(ii)). Meanwhile, flat PAM/CNT hydrophilic hydrogels with high- 
efficient heat absorption serve as the solar absorber/evaporator (Fig. 5b 
(iii)) to heat the other side of the TEG array. The home-made TEG 
fabrication process is illustrated in Fig. S15 [51,52]. The water mass 
change of 14.2 g is obtained under 3-h fluctuating solar irradiation 
(Fig. 5c). The TEG array generates 2.8 V under 55 �C temperature dif
ference (Figs. 5d), and 4.8 W/m2 maximum power density under a 
matched load resistor (32 Ω) (Supplementary Note S3). An energy 

harvesting (EH) circuit consisting of a diode (0.5 V consumption) and a 
supercapacitor (5.3 V, 1.0 F) is directly connected with the TEG array to 
stabilize the voltage output (Fig. 5d and S16), with the water splitting 
setup serially connected for continuous hydrogen production (Fig. 5b 
(iv) and (v)). The measured gas shows a hydrogen production rate of 0.3 
mmol/h (Fig. 5e), and continuous bubbling is observed for the entire test 
duration (Supplementary Video S2). A comparison of the photothermal 
water evaporation and thermoelectric energy harvesting of integrated 
solar water-electricity generators to the other reported designs is pre
sented in Fig. S17. 

Supplementary data related to this article can be found at https 
://doi.org/10.1016/j.nanoen.2020.105102. 

3. Conclusion 

In summary, we have devised a hydrogel-based solar-driven water- 
electricity-hydrogen co-production system for enhanced photothermal 
energy utilization by systematically controlling heterogeneous water 
distribution and evaporation. The 3D pillared PAM/CNT hydrogel with 
selected hydrophobic modification balanced the water pumping ability 
and evaporating rate, and facilitated the heat localization effect at the 
liquid/vapor interface. This leads to enhanced interfacial solar-driven 
water evaporation of ~96% photothermal efficiency. The integral 
design of the synergistic generation of clean water and energy under 
natural conditions was also demonstrated. Thermoelectric generators 
serve as thermal insulators sandwiched by pure PAM-based evaporators 
and PAM/CNT-based solar absorbers for cooling and heating respec
tively. Continuous electrical output of 4.8 W/m2 with a power man
agement circuit is delivered to drive water splitting and produce 
hydrogen of 0.3 mmol/h. This work is of great significance for solar- 
driven steam generation as well as energy crisis and environmental 
pollution remediations. 

Fig. 4. Mechanism and performance evaluation of selective hydrophilic/hydrophobic wettability evaporators. (a) Schematic illustration of the hydrophobic 
modification and crosslinking mechanism. (b) Contact angle tests of PAM/CNT-based hydrophilic and PAM/CNT/FOTS-based hydrophobic hydrogels. Performance 
evaluation of (c) mass change, (d) water evaporation rate and (e) photothermal efficiency with and without hydrophobic modifications using freshwater (~0%), 
seawater (~3.5 wt%) and brine water (~20 wt%) at one sunlight intensity. 
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